Abstract-This paper describes a simple servo controller build from components having neuronlike features. Experimental results illustrate the properties of the system, and a comparison is made with conventional controllers.
I. INTRODUCTION
IOLOGICAL systems are currently popular sources of in-B spiration in the engineering community. Biological motor systems can perform very gentle and precise motions, although the individual components such as neurons and muscles are imprecise. This is accomplished by using highly redundant systems that greatly improve accuracy and fault tolerance. Conventional servos, on the other hand, are typically built from high-precision components. In spite of this, they can only mimic the dexterity of a human hand in very restricted situations.
One important aspect of biological systems is that information is transferred via nerve pulses. This representation has several useful features. Pulses are used when controlling muscles, which are complicated mechanical actuators with both damping and internal friction [ l ] , [2] . The advantages of using pulses when driving friction-limited systems are well known and will be illustrated in Section I11 of this paper.
Current VLSI implementations of neural systems 131 offer practical solutions to engineering problems. This paper will demonstrate that these VLSI devices are well suited for the implementation of servo controllers. Since the controllers require only a small number of circuit elements, the systems require a silicon surface which is many orders of magnitude smaller than a conventional system with A/D, CPU, memory, and DIA units. The system can be made very reliable, for example, by duplicating the circuit elements, so that a component failure will only lead to a slight degradation in the system performance. Apart from these advantages related to cost and function, the systems are easy to integrate with sensors and actuators.
The circuits used are described in Section I1 and it is shown how they can be combined with a proportional-derivative (PD) controller. Section 111 gives experimental results, and the conclusions are given in Section IV.
SYSTEM IMPLEMENTATION
The design methodology introduced by Mead [3] uses analog integrated circuits which operate primarily in the subthreshold region of the transistor characteristics. This approach has several advantages, namely small physical size, low power consumption, and large signal range. This means that vast computations can be performed on a small silicon area consuming only a few milliwatts. Another advantage is that both currents and voltages are used as signal types. The basic circuits are described in [3] . Some modifications of these have been carried out, and these are described in detail in [4] . Some additional circuit elements have also been implemented. For example, a circuit with the characteristic
has been implemented (see Fig. 1 ). In this equation, V, is the thermal voltage and K the gate voltage efficiency; i,,n denotes the the bias current and (VI,, -V Z n ) the differential input to the nth circuit element. The appearance to the tanh-function is due to the exponential transistor characteristics in the subthreshold region. Notice that for small voltage differences (1) approximates to This circuitry mimics a naive neuron model. It converts an arbitrary number of weighted differential voltages into a pair of pulse trains. For small differential input voltages, the amplifiers are approximately linear but they saturate for large signals. The neuron circuits also produce a linear transformation from their dc input currents to the duty cycle of their output pulse trains. The dual-rail, complementary nature of the system guarantees nonoverlapping pulses. The sign of the aggregated currents determines which neuron circuit is firing. The pulse outputs from the chip can be used as inputs of the two terminals of a dc motor to bidirectionally control the motion of a mechanical system.
The Proportional-Derivative Controller
The structure in Fig. 1 is used to implement the proportionalderivative controller shown in Fig. 2 . The proportional section is implemented by using a single dual-output transconductance 
EXPERIMENTAL RESULTS
A number of controller chips have been manufactured. They have been tested to control a motor drive system. In this way we have obtained a feel for the variability of the circuits and the performance of the controller. The particular system used in the experiments was an 18 V dc motor having a gear box with ratio 1 : 8, a coupling with some backlash, and an inertial load. The dc servo used has a velocity range of 0-100 rad/s.
More details can be found in [4].
The neuron servo was compared with a conventional analog controller. At medium and high speeds both controllers work well. However, at very slow speeds, the neuron controller continuees to drive the system while the conventional controller fails. The conventional controller needs a fairly high reference signal to cause the motor to break free of the static friction. When the reference velocity is decreased, the system has a ten- dency to stick. Adding integral action gives rise to the wellknown stick-slip phenomenon. With the pulse servo, however, each pulse contains enough energy for the motor to overcome the static friction. Thus, instead of stopping when the reference velocity is small, the motor continues to move. At high speeds the time-averaged output of the pulse controller operates as the control signal, and the duty cycle controls the speed, as expected. At low velocities, however, each pulse generates a discrete movement of the motor, similar to the operation of a stepper motor. The conventional controller can hardly function at speeds below 1 rad/s. At these speeds a small disturbance can stop the motion. The neuron servo, on the other hand, can work at speeds below 0.1 rad/s. Detailed experiments comparing the responses of the neuron servo with a conventional controller will now be presented. The controller gains were tuned so that the response times were approximately the same for the neuron controller and the conventional controller. The desired velocity was changed from a medium high speed, 20 rad/s, to a desired velocity, 0.1 rad/s, which is an order of magnitude below the sticktion limit. Fig. 3 shows the response with the conventional controller. The system sticks when the velocity approaches 1 rad/s. Fig.  4 shows the same experiment with the neuron controller, which controls the system well into the sticktion region. Fig. 5 shows an experiment with the neuron servo having the set point 0.1 rad/s. The figure shows that the servo works in this region, which is an order of magnitude below the sticktion limit. The conventional servo does not move at all in the corresponding situation.
IV. CONCLUSIONS
This paper reports initial progress in a project whose goal is to use silicon neurons as components for implementing control systems. The basic circuit elements are described. A key element is a component with neuron like capability that takes voltages as inputs and generates a pulse train as the output. It is shown how the circuits are combined to a proportional and derivative controller. The advantages of using a pulsed output representation to improve slow-speed operation of a friction-limited system is demonstrated. The utility of exploiting parallelism, aggregation, and redundancy to improve system-Velocity (raws) vs. time(s) Step response using neuron servo. The desired velocity is changed from a medium high speed, 20 rad/s, to 0.1 rad/s. The control is obtained by changing the pulse frequency, and the motion continues also at the low speed.
Velocity level performance given imprecise low-level components has also been discussed.
One advantage of the analog VLSI technology used in this implementation is the ease of combining sensing, intermediate processing, and control (both conventional and adaptive). Since the control circuitry is implemented using VLSI, it can easily be integrated on the same chip as these sensory systems to form integrated sensory systems. Such integrated sensorimotor systems have previously been presented [7] , [8] . In the systems we have built so far the controller parameters have to be set externally. Adding adaptation [6] is a natural and challenging extension.
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